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Director; Dr. Michael F. Minnick
Bartonella bacilliformis is the causative agent for Oroya fever and causes severe 
hemolytic anemia in humans. The invasion-associated locus A and B (iaLAB) genes were 
previously shown to confer an invasive phenotype upon Escherichia coli. In the current 
studies, we demonstrate a direct role for ialB in human erythrocyte parasitism and 
elucidate regulation of this gene by environmental stresses. A polyclonal antiserum to 
IalB was raised by standard methods in a female New Zealand rabbit We localized IalB 
to the bacterial inner membrane using SDS-PAGE and immunoblotting after separating 
inner and outer membranes by sucrose density gradient centrifugation. Membrane 
fractions were identified by appearance, buoyant density and cytochrome b content To 
directly demonstrate the role of IalB in erythrocyte parasitism, ialB was disrupted by
insertional mutagenesis. The resulting ialB~ mutant strain was complemented with a 
replicative plasmid encoding the full-length ialB gene. PCR analysis confirmed 
mutagenesis and complementation of the ialB gene in these strains. Abrogation and 
restoration of ialB expression in the mutant and complemented strains was verified by 
SDS-PAGE and immunoblotting. In vitro human erythrocyte adherence and invasion 
assays showed that ialB mutagenesis reduced bacterial erythrocyte adherence and 
invasion by 47-53% and that trans-complementation restored adhesion and invasion to 
parental levels. These data represent the first demonstration of molecular Koch’s 
postulates for a Bartonella species.
To investigate the regulation of ialB by environmental cues signaling vector-to-host 
transmission, nuclease protection assays (NPA) were employed to determine the amount 
of ialB mRNA in bacteria subjected to temperature or pH shift, oxidative stress and 
hemin limitation. The amount of ialB mRNA increased by 223-310% in acid-treated 
samples and decrease 28-39% in base-treated samples as compared to bacteria kept at pH
12. Bacterial samples showed a 56-63% and 74-80% decrease in ialB mRNA when 
shifted to 37°C from growth temperatures of 20°C and 30°C, respectively. Oxidative 
stress and hemin limitation had no effect on ialB mRNA levels. The amount of IalB in 
treated bacteria, as determined by SDS-PAGE and immunoblot, followed the data trends
seen for ialB mRNA levels. Wild-type and ialBr mutant strains exhibited no significant 
difference in survival under experimental conditions. Finally, a model for ialB expression 
is proposed.
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CHAPTER 1
INTRODUCTION
Bartonella bacilliformis is the only bacterium able to invade human erythrocytes. 
Although other bacteria are known to parasitize mammalian erythrocytes (e.g. Anaplasma 
and Haemobartonella species), B. bacilliformis is unsurpassed in its efficiency as an 
erythrocyte parasite. The pathogen is the causative agent of Oroya fever, a biphasic 
disease whose acute phase symptoms include a severe hemolytic anemia where up to 
100% of the circulating erythrocytes can be parasitized and 80% lysed (1, 14, 24, 16). In 
a study of Bartonellosis patients conducted from 1969 through 1992 in Lima, Peru; an 
average of 61% of eiythrocytes were parasitized in acute phase patients and in 25% of 
those patients more than 90% of the circulating erythrocytes were infected (16). Acute 
phase patients had a mean hematocrit (packed RBC volume) of 17.2% (range, 6% - 38%) 
as compared to a normal hematocrit of ~45%, indicating extensive erythrocyte hemolysis. 
Additional acute phase symptoms include fever, pallor, malaise, non painful 
hepatomegaly, and lymphadenopathy (16). If untreated, this phase of the disease has a 
40% fatality rate (29). Even with medical treatment, this phase of the disease has a 
significant mortality rate. In the Lima study, 9% of (medically) treated, acute phase 
patients died (29) and in a 1998 outbreak of Oroya fever in Cusco, Peru; 20.5% of those 
with acute Bartonellosis died (M. Montoya et al, Abstr. Am. Soc. for Rickettsiology - 
Bartonella as an Emerging Pathogen Grp. 2001 Joint Conf., abstr. 104,2001).
The secondary or eruptive phase of Oroya fever occurs 4 to 8 weeks following the 
acute phase and is characterized by hemangiomas, nicknamed verruga peruana, on
1
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patients’ head, neck, and extremities. During the eruptive phase, bacterial invasion shifts 
from erythrocytes to vascular endothelial cells (9,10,17) and may result in 
neovascularization (9). This phase of the disease is rarely fatal but can last up to several 
months (28) and may cause permanent disfigurement
Diagnosis of Oroya fever can be difficult due to the slow growth of the organism 
(positive cultures can take 18 days) and a lack of clinical diagnostic facilities in the remote 
areas where this disease is endemic. Initially 12% of acute phase patients and 19% of 
eruptive phase patients were misdiagnosed in the Lima study. Erroneous diagnoses for 
acute phase patients included typhoid fever, malaria, brucellosis, viral hepatitis, 
tuberculosis, leptospirosis, meningitis, hematologic malignancy, hemolytic anemia, and 
aplastic anemia. Initially misdiagnosed eruptive phase patients were given the following 
diagnoses: skin tumor, hemangioma, polyarthralgia, and systemic lupus erythematosis. 
Only 5% of patients in the eruptive phase of the disease reported any acute phase 
symptoms occurring in the previous 1 to 3 months further complicating diagnosis (16).
B. bacilliformis is transferred to humans by the bite of a hematophagous sandfly, 
Luizomyia verrucarum. Although it has not been proven that humans are the reservoir 
for B. bacilliformis, this belief is supported by epidemiological data. In the endemic area 
of Caraz, Peru; 0.6% of the population were asymptomattically bacteremic and 11% of 
seroconverted individuals were bacteremic. Of individuals who had been diagnosed with 
acute phase disease and treated with antibiotics, 14% were bacteremic as were 23% of 
individuals in the eruptive phase of the disease. The percentage of asymptomatic but 
bacteremic individuals reported in other studies is significant and varies from 9% to 55% 
(13,30, 8). Variations in the percentage of asymptomatically bacteremic individuals 
could result from differences in methodology or may reflect real differences in the carrier
2
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rate in different endemic areas.
Oroya fever is endemic to the mountainous regions of Peru, Ecuador and Colombia 
between 1000 m and 3000 m above sea level (1) presumably due to geographic restriction 
of its vector, Lutzomyia verrucarum. Reports of disease outbreaks in regions of the 
Peruvian Andes not thought to be endemic areas for Oroya fever, i.e. cases in coastal 
locales (below 800 m above sea level), suggest the range of this disease is expanding. In 
Ecuador and Colombia, L. verrucarum appears to be absent and closely related sandfly 
species, L  peruensis and L  columbiana, in these countries may be responsible for 
transmitting B. bacilliformis. These sandfly species have different geographic 
distributions than L. verrucarum and may be able to inhabit lower elevations thus 
accounting for the occurrence of Oroya fever at lower elevations in these countries.
In 1998, there was an outbreak of Oroya fever in the Urubamba region of Peru, an 
area not thought to be endemic for this disease (8). All 22 patients experienced the acute 
disease phase, e.g. fever, anemia, and the presence of intra-erythrocytic bacteria; however, 
none of the individuals developed verrugas. While it is not unusual in some cases for the 
acute phase to occur without the subsequent development of verrugas, it is unusual that 
none of these people experienced the eruptive phase of Oroya fever even after 6 months 
post-infection. Although B. bacilliformis infection was confirmed by PCR, the 
methodology did not rule out the possibility that strain differences were responsible for 
this atypical pathology. All of these data point to fruitful areas of research and suggests 
that Bartonella bacilliformis is an emerging pathogen in South America.
3
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HISTORY OF BARTONELLOSIS
Several lines of evidence indicate the presence of Oroya fever and verruga peruana 
during pre-Columbian times at least 1,000 years before the arrival of Europeans in South 
America. The Incan language, Quechua, includes words for anemia (sirki), eruption 
(keepo and ticti), and warts (tikitizapa); and pre-Columbian ceramic figurines, termed 
huacas, depict verruga-like bumps on anthropomorphic figures (26). While such evidence 
of Oroya fever is circumstantial, a recent anthropological paper reported the discovery of 
verruga-like warts on a pre-Columbian Peruvian mummy. Transmission electron 
microscopy revealed the presence of bacilli with polar flagella within these verrugas, a 
description that is typical of B. bacilliformis (2). Interestingly, some of the pre- 
Columbian artifacts with verruga-like warts were excavated in the present day province of 
Manabi, Ecuador; a region where Oroya fever is endemic today.
Chronicles of the Spanish conquest of Peru describe disease outbreaks whose 
symptoms are consistent with Oroya fever. The following excerpt describes an illness 
that afflicted Pizarro’s men in 1531, shortly after disembarking from their ship and 
marching along the coast in the province of Coaque which is now in northern Ecuador 
(23).
“To add to their distresses, a strange epidemic broke out in 
the little army. It took the form of ulcers, or rather hideous 
warts of great size, which covered the body, and when 
lanced, as was the case with some, discharged such a 
quantity of blood as proved fatal to the sufferer. Several 
died of this frightful disorder, which was so sudden in its 
attack, and attended with such prostration of strength, that 
those who lay down well at night were unable to lift their 
hands to their heads in the morning. The epidemic, which 
made its first appearance during this invasion, and which
4
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did not long survive it, spread over the country, sparing 
neither native nor white man.”
It is interesting that this possible epidemic of Bartonellosis is reported to occur at 
sea level, an altitude not typically associate with the disease. However, the geography of 
this historical epidemic is consistent with the recent reports of Oroya fever in coastal 
regions of Ecuador as discussed above.
An account of a more typical outbreak of Oroya fever was described by Miguel de 
Estete, a chronicler of the Pizarro expeditions, in 1540. Estete described both phases of 
the disease: “a debilitating and febrile phase followed by the more benign skin outbreak, 
consisting of warts full of blood” (11).
In 1630, Pedro Gago de Vadillo, a surgeon, recorded a medical account of Oroya 
fever and erroneously perpetuated the idea that the disease was contracted from contact 
with the water from some waterfalls (11). This erroneous association was probably made 
because of the unnoticed presence of sandflies.
Most historical accounts of Bartonellosis describe the eruptive phase of the 
disease, but in 1858 Tomas Salazar described the biphasic nature of Oroya fever in his 
doctoral thesis. Included in his thesis was a photograph of a verruga patient that was the 
first medical photograph taken in South America (11).
One notable outbreak of Bartonellosis resulted in the disease being named Oroya
fever. A high altitude railroad was constructed between Lima and Oroya, a mining center
at 5000 m above sea level in the Peruvian Andes. Laborers for this project were hired
from Chile and coastal cities in Peru, areas not endemic for Bartonellosis. Between 1869
and 1873 as construction of the railroad proceeded from 1000 m to 3000 m above sea
level, the work force was decimated by Bartonellosis. The number of dead was estimated
at 8,000 and it is said that each railroad tie represents a dead worker. Foreign workers
5
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were especially susceptible to Bartonellosis and died during the acute phase of the 
disease.
It is from this epidemic that the acute phase of Bartonellosis became known as 
Oroya fever even though the town of Oroya, at 4000 m above sea level, is not endemic for 
this disease. At this time, the idea that Bartonellosis was a biphasic disease was not 
widely known outside native Indian communities despite the fact that railroad workers, 
who survived the acute disease phase, developed verrugas. In fact, one of the train 
trestles on the trans-Andean railroad was named “Puente de Verrugas,” literally translated 
as “Bridge of Verrugas” (11).
It was not until 1885 with the tragic experiment of Daniel Alcides Carrion, a 
Peruvian medical student, that Oroya fever and verruga peruana were demonstrated to be 
one and the same disease. Carrion was investigating the ability of exudates from verrugas 
to cause disease when inoculated into a healthy host Lacking laboratory facilities and 
experimental animals, he inoculated himself and two weeks later became sick. He was 
admitted to the hospital only hours before his death with a RBC count of 1.2 million/ml; 
normal values for an adult male are 4.7 to 6.1 million/ml (12). He died Oct 5,1885. 
Posthumously, Daniel Carrion became famous and was revered for the sacrifice he made 
for knowledge and science. The disease which proved fatal for Daniel Carrion is now 
known by his name, Carrion’s disease.
BACTERIA PHYSICAL CHARACTERISTICS
Cell. Bartonella bacilliformis is a small (approx. 0.5 |xM x 3 pM), Gram- 
negative, pleiomorphic coccobacillis with lophotrichous flagella. This fastidious, slow-
6
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growing organism requires blood or hemin for growth probably due to its high nutritive 
need for iron. The B. bacilliformis genome consists of a single circular DNA molecule 
approximately 1.6-Mbp in size (15) with a guanine + cytosine content of 39-mol%.
A member of the a2 Proteobacteria class, Bartonella is closely related to the 
Agrobacterium, Rhizobium, and Brucella genera. These genera share the common 
characteristics of living in parasitic or mutualistic association with eukaryotic cells. 
Bartonellae and Brucellae are the most closely related genera of this class and are both 
intracellular, parasitic mammalian pathogens.
Virulence. Virulence factors are those bacterial gene products that aid 
colonization and survival in the host Virulence determinants facilitate bacterial adherence 
and invasion of host cells, nutrient acquisition, and evasion of host immune defenses.
Adherence to host cells. B. bacilliformis attachment to erythrocytes via its 
flagella was first seen by Walker and Winkler with electron microscopy (27). A few 
years later, Benson et al. (4) observed that nonmotile mutants (or old cultures with 
reduced motility) adhered poorly, if at all, to erythrocytes. These casual observations 
suggesting a role for B. bacilliformis flagella in bacterial attachment, were followed up in 
our laboratory by experiments testing the ability of bacteria to adhere to and invade 
erythrocytes after treatment with an anti-flagellum antiserum (25). Scherer et al. found B. 
bacilliformis adherence and invasion to be reduced 41% and 99%, respectively. Some 
agglutination of bacteria was seen in these experiments and it is unclear if diminished 
bacterial adhesion and invasion was due to agglutination or masking of flagellar receptor 
sites. While the role of flagella in bacterial attachment has not been fully demonstrated, it 
is probable that flagellar motility increases bacterial attachment and invasion by increasing 
the number of collisions between bacteria and target cells.
7
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Although they are probably not as important for bacterial adherence and invasion, 
bundle-forming pili (BFP) have been observed in low-passage B. bacilliformis cultures 
(20). Although BFP have not been demonstrated to be a virulence factor in B. 
bacilliformis, piliation of B. henselae has been positively correlated with attachment and 
entry of human epithelial (HEp-2) cells (3).
Host cell entry. B. bacilliformis parasitizes, on average, 61% of circulating 
erythrocytes during the acute phase of Oroya fever. Data, which will be discussed in 
more detail in Chapter 2’s introduction, indicate that B. bacilliformis is the only active 
participant in erythrocyte adhesion and invasion. In contrast, bacterial uptake by 
endothelial cells is partly dependent on rearrangement of the host cell’s actin 
cytoskeleton.
Coincubation of erythrocytes and B. bacilliformis in vitro causes the formation of 
indentations and invaginations at sites of bacterial invasion (4). These indentations are 
also observed in the membranes of erythrocytes with no attached bacteria suggesting that 
this deforming factor is soluble. The extracellular, soluble nature of this factor, named 
deformin; was corroborated by experiments in which bacteria-free supernatant from B. 
bacilliformis cultures caused similar invaginations in erythrocyte membranes (18). The 
activity of deformin is abrogated by brief heating (70 to 80°C) or protease treatment 
indicating it is proteinaceous.
The invasion-associated locus A and B (ialAB) genes were shown by our 
laboratory to confer an invasive phenotype upon minimally invasive Escherichia coli 
strains (22). IalA has been characterized as a (di)nucleoside polyphosphate hydrolase 
that may reduce stress-induced dinucleotide “alarmones,” thus aiding bacterial survival (5, 
7).
8
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IalB has been shown to have a direct role in erythrocyte parasitism [See chapter 2 
and (6)]. Mutagenesis of ialB decreased bacterial adherence and invasion by 47 to 53% as 
compared to the wild-type strain. Trans-complementation of ialB restored the invasive 
phenotype to wild-type levels.
Additional virulence factors. One of the most intriguing pathologies resulting 
from B. bacilliformis infection is neovascularization of tissue which is thought to be 
involved in the formation of verrugas. Although an angiogenesis factor has not yet been 
purified, it has been shown to be an extracellular protein capable of inducing 
vascularization in vivo and proliferation of human umbilical vein endothelial cells in vitro 
(9).
Hemolytic activity has been noted for B. bacilliformis cultures grown on thin 
blood agar plates. This hemolytic factor is extracellular and capable of passing through
0.2 pM filter to hemolyze the medium beneath (19).
Other putative virulence factors include a C-terminal protease that may degrade 
misfolded stress-response proteins, thus aiding bacterial survival (21) and FilA, a protein 
with a predicted amino acid sequence similarity to the Ml protein of Streptococcus 
pyogenes; a bacterial adhesin.
RESEARCH SIGNIFICANCE 
AND SYNOPSIS OF COLLECTED DATA
My original hypothesis to be tested was that the invasion-associated locus protein 
B of Bartonella bacilliformis is an outer membrane protein whose function is significant in 
bacterial invasion of human host cells. I further hypothesized that expression of the ialB
9
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gene is upregulated in response to changing environmental conditions characteristic of 
transfer from the Lutzomyia verrucarum vector to humans.
Specific Aims
1. The invasion-associated locus B protein (IalB) will be localized and its 
significance in host cell invasion determined.
a. Differential gradient centrifugation of bacterial ceil lysate will be used to 
localize IalB to a particular cell fraction.
Results. Contrary to my hypothesis, differential gradient centrifugation localized 
IalB to the inner membrane of B. bacilliformis. The identity of inner and outer 
membrane fractions was confirmed by two methods, i.e. measurement of buoyant 
density and localization of inner and outer membrane “marker” proteins.
b. Wild-type B. bacilliformis, ialB- mutant and ialB complemented mutant 
strains will be generated and tested for their ability to invade host cells.
Results. Mutant and ialB complemented strains were generated and verified by 
PCR. That IalB protein synthesis was abrogated and then complemented was 
confirmed by Western blot using antiserum to IalB. Human erythrocyte invasion 
assays were performed with all three B. bacilliformis strains.
2. The domain of IalB responsible for conferring an invasive phenotype will be 
determined.
a. A series of plasmids will be constructed encoding progressive carboxy- 
terminal deletions of IalB and a selectable antibiotic resistance marker. These 
replicative plasmids will be electroporated into the ialB- strain of B. 
bacilliformis and the truncated IalB protein localized by the same methods 
listed in Specific Aim 1.
10
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b. B. bacilliformis strains expressing truncated IalB will be assayed for their 
ability to invade human host cells.
Results. We decided that pursuing this specific aim was unproductive due to the 
following. Erythrocyte invasion rates for the ialB complemented strain varied from 
92% to 188% of wild-type invasion rates. This large range of invasion rates was very
different from what was observed with the ialBr mutant strain. Invasion assays using
the ialBr mutant showed decreases of 47% to 53% from wild-type. The most
plausible explanation for the variation in invasiveness for the complemented strain is 
that multiple copies of the ialB gene are present per bacterium resulting in 
inconsistent invasion rates.
The ialB complementation vector was created from the low copy number plasmid, 
pBBRlMCS-1. That the complemented strain did have multiple copies of ialB was 
bome out by Western blot. When equal amounts of bacterial lysate were analyzed by 
Western blot, the ialB complemented strain contained more IalB than the wild-type B. 
bacilliformis strain.
We had planned to use the same ialB complementation vector to create progressive 
carboxy-terminal deletions. Unable to obtain consistent invasion results with the full- 
length ialB gene, we thought it was unlikely we would get meaningful data using 
carboxy-terminal deletions in the same plasmid.
3. IalB expression will be quantified under conditions reflecting environmental 
changes characteristic of the transfer of B. bacilliformis from sandfly to human,
a. The size and number of B. bacilliformis mRNA transcripts encoding ialB will 
be determined by Northern blot.
Results. It was determined by nuclease protection assay that B. bacilliformis
11
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encodes one mRNA transcript for ialB (data not shown).
b. The effect of environmental cues such as temperature on ialB transcription 
and translation will be determined. Transcription of the ialB gene will be 
measured by quantifying IalB mRNA by nuclease protection assay (NPA). 
Translation will be measured by quantifying IalB by Western blot.
Results. Both of these specific aims have been met. In order to gain insight into 
IalB function, the viability of wild-type, ialB- mutant and ialB complemented B. 
bacilliformis strains under conditions that affect ialB transcription and IalB translation 
was determined.
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CHAPTER 2
Establishing a Direct Role for the Bartonella bacilliformis 
Invasion-Associated Locus B (IalB) Protein in 
Human Erythrocyte Parasitism.
Coleman, S.A., and M.F. Minnick. 2001 Infect Immun. 69:4373-4381
ABSTRACT
The invasion-associated locus A and B genes (ialAB) of Bartonella bacilliformis 
were previously shown to confer an erythrocyte-invasive phenotype upon Escherichia 
coli, indirectly implicating their role in virulence. We report the first direct demonstration 
of a role for ialB as a virulence factor in B. bacilliformis. The presence of a secretory 
signal sequence and amino acid sequence similarity to two known outer membrane 
proteins involved in virulence suggested that IalB was an outer membrane protein. To 
develop an antiserum for protein localization, the ialB gene was cloned in frame into an 
expression vector with a six-histidine tag and under control of the lacZ promoter. The 
IalB fusion protein was purified by nickel affinity chromatography and used to raise 
polyclonal antibodies. IalB was initially localized to the bacterial membrane fraction. To 
further localize IalB, B. bacilliformis inner and outer membranes were fractionated by 
sucrose density gradient centrifugation and identified by appearance, buoyant density (p) 
and cytochrome b content. Inner and outer membrane proteins were analyzed by sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and IalB was positively 
identified by Western blot. Contrary to expectations, IalB was localized to the inner
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membrane of the pathogen. To directly demonstrate a role for IalB in erythrocyte 
parasitism, the B. bacilliformis ialB gene was disrupted by insertional mutagenesis. The 
resulting ialB mutant strain was complemented in irans with a replicative plasmid 
encoding the full-length ialB gene. PCR and high-stringency DNA hybridization 
confirmed mutagenesis and transcomplementation events. Abrogation and restoration of 
ialB expression was verified by SDS-PAGE and immunoblotting. In vitro virulence 
assays showed that mutagenesis of ialB decreased bacterial association and invasion of 
human erythrocytes by 47% to 53% relative to controls. Transcomplementation of ialB 
restored erythrocyte association and invasion rates to levels observed in the parental 
strain. These data provide direct evidence for IalB's role in erythrocyte parasitism and 
represent the first demonstration of molecular Koch's postulates for a Bartonella species.
INTRODUCTION
Bartonella bacilliformis is the only bacterium known to invade human 
erythrocytes. The pathogen is the causative agent of the human disease, Oroya fever, a 
biphasic illness whose primary phase symptoms include a severe hemolytic anemia where 
up to 100% of the circulating erythrocytes can be parasitized and 80% lysed (1,15,31). 
If untreated, this phase of the disease has a 40% fatality rate (44). Treatment with 
penicillin, tetracycline, or aminoglycosides is effective (43), but diagnosis can be difficult 
due to the slow growth and fastidious nature of the bacterium. The secondary phase of 
Oroya fever occurs 4 to 8 weeks following the primary hemolytic phase and is 
characterized by hemangiomas, nicknamed verruga peruana, on the patient’s head, neck, 
and extremities. During the secondary phase, bacterial colonization and invasion shifts
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from erythrocytes to vascular endothelial cells (13,14,21) and results in 
neovascularization (13). This phase of the disease is rarely fatal but can last up to several 
months (43) and may cause permanent disfigurement. B. bacilliformis is transmitted by 
the phlebotamine sandfly, Lutzomyia verrucarum. Historically, Oroya fever has been 
limited to the mountainous regions of South America, presumably due to geographical 
restriction of its vector (19). However, recent reports of Oroya fever in coastal areas of 
South America suggest the range of this pathogen is expanding (1).
Although other bacteria are known to parasitize mammalian erythrocytes (e.g. 
Anaplasma and Haemobartonella species), B. bacilliformis is unsurpassed among bacteria 
in its efficiency as an erythrocyte parasite. B. bacilliformis is able to invade nearly all 
circulating erythrocytes during the acute phase of infection. Erythrocytes lack the actin 
cytoskeleton necessary for bacterial uptake by induced endocytosis, although 
endocytosis can be induced under experimental conditions (35,40). Treatment of 
erythrocytes with glycolysis and proton-motive force inhibitors has no effect on 
Bartonella adhesion suggesting these host cells play a passive role in invasion (42). In 
contrast, B. bacilliformis play an active role during erythrocyte invasion requiring both 
respiration and proton motive force (42). Taken together, these data indicate that B. 
bacilliformis is the only active participant in erythrocyte adherence and invasion. In 
contrast, B. bacilliformis entry into endothelial and epithelial cells differs significantly 
from its invasion of erythrocytes. Bacteria-induced rearrangement of the endothelial and 
epithelial cell cytoskeleton during endocytosis enhances bacterial uptake, while 
cytochalasin D treatment, inhibiting actin filament formation, reduces internalization by 
-30% (21).
The B. bacilliformis invasion-associated locus A and B genes (ialAB) were
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indirectly shown to be involved in erythrocyte invasion by conferring an erythrocyte- 
invasive phenotype upon minimally invasive E. coli strains (27). IalA has since been 
characterized as a (di)nucleoside polyphosphate hydrolase thought to be involved in 
reducing levels of stress-induced dinucleotides during invasion, thus aiding bacterial 
survival (9,11). IalB was shown to contain a putative 22-amino acid secretory signal 
sequence and to have approximately 60% amino acid similarity to the virulence 
determinants Ail of Yersinia enterocolitica and Rck of Salmonella enterocolitica serovar 
typhimurium. The presence of a potential secretory sequence and similarity of IalB to 
two outer membrane virulence determinants led to our hypothesis that IalB is exported to 
the bacterial surface where it functions as an invasion factor. This study was undertaken 
to localize the IalB protein and directly determine its role in human erythrocyte 
association by B. bacilliformis.
MATERIALS AND METHODS
Bacterial strains and culture conditions. B. bacilliformis strains (Table 1) 
were cultured on heart infusion agar blood (HIAB) plates (heart infusion agar 
supplemented with 4% sheep erythrocytes and 2% sheep serum) in a water-saturated 
incubator at 30°C. When required, strains were cultured in the presence of kanamycin (25 
pg/ml) and/or chloramphenicol (5 pg/ml). E. coli strains (Table 1) were cultured in Luria- 
Bertani (LB) broth at 37°C in the presence of antibiotics as needed.
Preparation and manipulation of DNA. Plasmids used or generated in this 
study are given in Table 1. Plasmids were propagated in E. coli DH5a and isolated by 
the methods of Bimboim and Doly (7), a Perfectprep kit (Eppendorf Scientific,
18
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Table 1. Bacteria and plasmids used in this study.
Strain or Plasmid Relevant Characteristics
Source or 
Reference
Strains 
B. bacilliformis 
JB584 Transformation competent strain of B. bacilliformis 5
SCI JB584 with ialB interrupted by pSAClOO (Kmr, ialB 
mutant)
This study
SC I SCI complemented in rrans with pSAC200 (Kmr, Cmr, 
ialBT)
This study
EL coli 
DH5a Host strain for cloning and plasmid propagation Gibco-BRL
M15 Host strain for fusion protein expression 41
Plasmids
pIALl pUC 19 containing iaLA and ialB of B. bacilliformis 27
plALB pUC19 containing ialB of B. bacilliformis 27
pQE-31 Expression vector Qiagen Inc.
pREP4 Plasmid encoding lacl Qiagen Inc.
pQIALB pQE-31 with 574-bp Pvu\\-Pst\ fragment encoding ialB 
minus its secretory signal sequence plus 15 nucleotides
This study
pUBl B. bacilliformis suicide plasmid, Kmr 5
pSAClOO pUB 1 with an internal 430-bp Pvul\-Mfe\ fragment of 
ialB, Kmr
This study
pBBRlMCS B. bacilliformis shuttle vector, Cmr 18
pSAC200 Complementation plasmid; pBBRlMCS with 756-bp 
Swa\-BamH\ fragment containing intact ialB, Cm'
This study
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Westbuiy, N.Y.), or a Qiagen Midiprep kit (Qiagen Inc., Valencia, CA). Restriction 
digests and agarose gel electrophoresis were done using standard protocols (2). DNA 
fragments from restriction digests were purified from ethidium bromide-stained agarose 
gels with a GeneClean II kit (Bio 101, La Jolla, CA). Ligations were performed by 
standard protocol (2) and transformations by the methods of Chung et al. (10). Genomic 
DNA was isolated using cetyltrimethylammonium bromide (CTAB) (2). Electroporation 
of B. bacilliformis was done as previously described (5).
PCR and oligonucleotide primers. PCR amplification was done in a GeneAmp 
2400 thermocycler (Perkin-Elmer, Norwalk, CT) as previously described (5). DNA was 
denatured at 94°C for 5 min, amplified for 30 cycles (1 min at each of the following 
temperatures: 94°C, 59 or 65°C, and 72°C), and extended for 10 min at 72°C. Single- 
strand oligonucleotide primers for the ialB gene, LALBF (5’- 
GT ATT AT G AATT ACT ATCG AG AAT AA-3 ’) and IALBR (5’- 
ATCCGACCATAATACTTATCTTCT-3’), and for the neomycin phosphotransferase I 
gene {nptl), NPTI5’ (5’-AGCCACGTTGTGTCTCAAAATCTC-3’) and NPTI3’ (5’- 
CGTCCCGTCAAGTCAGCGTAATGC-3’), were used. A "junction" primer set 
consisting of IALBR and NPTI5’ was designed to amplify the site of homologous 
recombination between the chromosomal ialB gene and the suicide plasmid, pSAClOO. 
Annealing sites for all primers are depicted in Fig. 2.
DNA hybridization analysis. Genomic DNA from B. bacilliformis and plasmid 
DNA were digested to completion with Clal and separated on a 1.2% agarose (wt/vol) gel 
stained with ethidium bromide. DNA was transferred to a supported nitrocellulose 
membrane (pore size, 0.45 fiM; Schleicher & Schuell, Keene, N.H.) by the methods of 
Southern (37) and then baked for 1 hour at 80°C. DNA probes were made by random
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primer extension (2) with [a-32p]dCTP (New England Nuclear, Boston, MA). High
stringency hybridization, washes and visualization were done as previously described (6).
SDS-PAGE. Protein concentrations were determined using a bicinchoninic acid 
protein kit per the manufacturer’s instructions (Sigma Chemical Co., S t Louis, MO). 
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis was done following the 
general procedures of Laemmli (20) with either 12.5%, 15% or 15-20% gradient 
polyaciylamide (wt/vol) gels. Either 20 or 100 pg of protein were loaded per lane for gels 
that were Coomassie blue-stained (33) and 2.5 pg per lane on gels that were silver-stained 
(45).
Preparation of polyclonal antibodies and immunoblotting. To prepare 
antibodies against IalB, E. coli M l5 [pQLALB, pREP4] was grown overnight with 
vigorous shaking in LB containing ampicillin and kanamycin. The overnight culture was 
used to inoculate LB plus antibiotics, grown to an optical density at 600 nm (OD600) of
0.7 to 0.9, and ialB expression induced by the addition of isopropyl-fi-D- 
thiogalactopyranoside (IPTG; 2 mM final concentration). Cultures were induced for 3 
hours and the bacterial pellet harvested by centrifugation at 4000 x g  for 20 min at 4°C. 
Bacterial pellets were solubilized in Laemmli sample buffer (LSB) and proteins separated 
by SDS-PAGE. The IalB protein was excised from unfixed Coomassie blue-stained gels, 
minced, suspended in 1 ml of phosphate-buffered saline (PBS; pH 7.4), and used to 
generate antibody in a female New Zealand white rabbit as previously described (34).
For immunoblots, 20-80 pg of protein were separated by SDS-PAGE (12.5% or 
15% [wt/vol] acrylamide), electrophoretically transferred to a supported nitrocellulose 
membrane (pore size, 0.45 pM; Schleicher & Schuell, Keene, N.H.) and reacted with anti- 
IalB antiserum (diluted 1:1000) as previously described (34).
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Localization of IalB. Accessible outer membrane proteins of intact B. 
bacilliformis were extrinsically radioiodinated as previously described (24) and then 
analyzed by SDS-PAGE. Whole bacteria were extrinsically treated with various 
proteases (proteinase K, trypsin, subtilisin, papain and thermolysin) to cleave any 
accessible, sensitive surface proteins as previously described (24) and protein profiles 
were analyzed by gradient SDS-PAGE. Immunofluorescent labelling of intact B. 
bacilliformis using anti-IalB polyclonal antibodies was done as per standard protocols (2). 
Twenty plates of 3-day-old B. bacilliformis were harvested into 1 ml of ice cold 
Dulbecco’s PBS and membranes isolated and fractionated as previously described for B. 
quintana (8). Cytochrome assays were performed using inner and outer membrane 
fractions (final protein concentration 1 p.g/p.1) by the methods of Osborn (30).
Human erythrocyte association assay. Blood was drawn from human 
volunteers into an acid-citrate dextrose Vacutainer tube, and stored overnight at 4°C to 
separate plasma from the erythrocytes. After removing the plasma, erythrocytes were 
washed with 10 ml of sterile saline (0.9% wt/vol) and centrifuged at 700 x g  for 5 min. 
Erythrocytes were washed a second time, counted and resuspended in recovery broth (5)
to a final concentration of 10^ erythrocytes per ml.
Three- to four-day-old B. bacilliformis cultures were harvested into recovery
broth and diluted to an OD600 of 1.0 (-1.6 x 10^ CFU/ml). Approximately 5x10**
bacteria were gently mixed with 10** erythrocytes (multiplicity of infection 5:1) in a total
volume of 0.5 ml of recovery broth. Association reactions were incubated for 8 hours at 
30°C in a water-saturated environment. Erythrocytes and parasitized erythrocytes were 
separated from free bacteria by Percoll gradient centrifugation. Briefly, one ml of 70%
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Percoll (Sigma) containing 154 mM NaCl was centrifuged at 16,000 x g for 10 min to 
create a continuous gradient Then, 0.1 ml of each association reaction was carefully 
layered onto the preformed Percoll gradient and centrifuged at 1,500 x g for 5 min. The 
erythrocyte/bacteria band was collected, washed twice with sterile saline and pelleted by 
centrifugation at 1000 x g for 15 seconds. The pellet was resuspended in 0.5 ml of heart 
infusion broth (HIB), serially diluted and then plated onto HIAB plates. Plates were 
incubated at 30°C in a water-saturated incubator for 12 days and then counted for CFU.
Statistical Analysis. Numerical data reported for human erythrocyte association 
assays are the means of three independent samples + the standard errors of the mean 
(SEM). Statistical significance of the data was determined by use of Student's t test. A 
value of P of <0.05 was considered significant
RESULTS
Expression and purification of IalB fusion protein. To obtain sufficient 
amounts of IalB protein to generate antibodies, the ialB gene (excluding the portion 
encoding its secretory signal sequence plus five N-terminal amino acids) was cloned in 
frame into the expression vector pQE-31. This vector contains a six-histidine tag and a 
polylinker under control of the lacZ promoter. The resulting construct, pQIALB, was 
transformed into E. coli Ml5 and ialB expression induced with IPTG. The IalB fusion 
protein was synthesized at high levels and localized to the insoluble fraction of E. coli. 
The insoluble fraction was treated with a strong denaturant (6 M guanidine 
hydrochloride), and the recombinant IalB was purified using nickel affinity 
chromatography. IalB was purified to apparent homogeneity when analyzed by
23
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Coomassie blue-stained SDS-PAGE gels (data not shown). Polyclonal anti-IalB 
antibodies were generated and found to recognize both the IalB fusion protein 
synthesized in E. coli and wild-type IalB synthesized by B. bacilliformis in Western blots 
(Fig. IB). On Western blots, the IalB fusion protein and IalB from B. bacilliformis have 
estimated masses of 18.6 kDa and 17.1 kDa, respectively. From its DNA sequence, the 
mature B. bacilliformis IalB protein was predicted to be 17.5 kDa (27), in close agreement 
with our finding. Presumably the larger estimated mass of the IalB fusion protein is due 
to the presence of the charged, six-histidine tag.
Generating an ialB mutant and a transcomplemented strain of B. 
bacilliformis. A 426-bp, Pvull-Mfel internal fragment of the ialB gene was cloned into 
pUBl to create the suicide vector, pSAClOO. The pMBl origin of pSAClOO is not 
functional in B. bacilliformis (5); therefore, expression of the nptl gene, conferring 
kanamycin resistance, would only occur following recombination of the suicide plasmid 
into the chromosome. Cloning an internal fragment of the ialB gene ensured that 
homologous recombination between pSAClOO and the chromosome would not result in 
reconstitution of a full-length gene.
The JB584 strain of B. bacilliformis was electroporated with pSAClOO. 
Kanamycin-resistant colonies were isolated, cultured, and initially characterized by PCR. 
The ialB gene, the nptl gene or the junction where pSAClOO recombined with the 
chromosomal ialB gene were PCR amplified as depicted in Fig. 2. The nptl gene primer 
set (NPTI5' and NPTI 3') amplified a 983-bp segment of the nptl gene in the kanamycin- 
resistant strain, SCI, but not the parental strain, JB584 (Fig. 3A, lanes 3 and 2, 
respectively), showing that kanamycin resistance in SCI was due to nptl and not selection
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FIG. 1. Recognition of B. bacilliformis IalB and the IalB fusion protein by 
polyclonal anti-IalB antibodies. Cell lysates of IPTG-induced E. coli M l5 (pQIALB) 
(lane 1) and B. bacilliformis (lane 2) analyzed by: SDS-PAGE gel stained with Coomassie 
blue (Panel A) or immunoblot reacted with polyclonal anti-IalB antibodies (Panel B). 
Both B. bacilliformis IalB and the IalB fusion protein are specifically detected with the 
antiserum.
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FIG. 2. Schematic representation depicting site-directed mutagenesis of the B. 
bacilliformis ialB gene. (A) The suicide plasmid, pSAClOO, was created by cloning a 
426-bp Pvull-Mfel internal fragment of the B. bacilliformis ialB gene (ialB') into pUBl. 
(B) The JB584 strain of B. bacilliformis encodes the wild-type ialB gene. (C) 
Electroporation of JB584 with pSAClOO followed by recombination between the suicide 
plasmid, pSAClOO, and the chromosomal ialB gene results in insertional disruption and 
generation of the B. bacilliformis ialB mutant strain, SCI. Primer sites for ialB (IALBF 
and IALBR) and nptl (NPTI5' and NPTI 3') are indicated by small arrows. (Figure not 
drawn to scale.)
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FIG. 3. Electrophoretic analysis of PCR products derived from ialB mutant strain, 
SCI, and fra/zs-complemented strain, SC2. PCR products were generated by 
amplification of genomic DNA from parent and recombinant strains using three amplimer 
sets [nptl (NPTL3' and NPTI5'), ialB (LALBF and IALBR) and junction (jet) (NPTI5' and 
IALBR)]. Brackets below the gel indicate the amplimer set used in each reaction. 
Amplimer sets and template DNA for PCR used in this analysis are as follows: Panel A, 
lane 1, NPTI3' and NPTI5', no template; lane 2, NPTI3' and NPTI5', JB584; lane 3, 
NPTI3' and NPTI5', SCI; lane 4, IALBF and IALBR, no template; lane 5, LALBF and 
IALBR, JB584; lane 6, IALBF and IALBR, SCI; lane 7, NPTI5' and IALBR, no 
template; lane 8, NPTI5' and IALBR, JB584; lane 9, NPTI5' and LALBR, pSAClOO; lane 
10, NPH5' and IALBR, JB584 and pSAClOO; lane 11, NPTI5' and IALBR, SCI; lane 
12, Lambda DNAJHindlll and 0X174 DNA/Haelll markers; Panel B, lane 1, IALBF and 
IALBR, JB584; lane 2, IALBF and IALBR, SCI; lane 3, IALBF and IALBR, SC2; lane 4, 
NPTI5' and IALBR, SC2; lane 5, Lambda DNAJHindlll and 0X174 DNA//faeIII 
markers. PCR products were analyzed by ethidium bromide-stained agarose (1.2% 
wt/vol) gel electrophoresis. Sizes indicated to the right are kbp.
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of spontaneous kanamycin-resistant mutants. The ialB gene primer set (IALBF and 
IALBR) was expected to produce a 4097-bp product from the site of homologous 
recombination, or a 688-bp product from an intact ialB gene. Upon analysis, an amplicon 
of ~4000-bp was obtained from the kanamycin-resistant strain, SCI, indicating that 
pSAClOO had recombined with the chromosomal ialB (Fig. 3A. lane 6). No PCR product 
would be amplified from unintegrated pSAClOO as the ialB primers are complementary to 
chromosomal sequences flanking the ialB gene and absent in pSAClOO. As expected, a 
688-bp amplicon was obtained from the intact ialB gene in JB584 (Fig. 3A, lane 5).
The junction primer set (NPTI51 and IALBR) produced an amplicon of 
approximately 1700-bp from SCI and no product from the parental strain, JB584 (Fig. 
3A, lanes 11 and 8, respectively). As expected, no amplicon was obtained when 
pSAClOO DNA was added to JB584 genomic DNA and then amplified with the junction 
primer set (Fig. 3 A. lane 10). From these data we concluded that homologous 
recombination had occurred between pSAClOO and the chromosomal ialB gene creating an 
ialB mutant strain, SCI.
We then proceeded to create a transcomplemented strain using SCI as the parental 
strain. The pIALB plasmid was digested with Swnl and BamHl, the 756-bp fragment 
containing the intact ialB gene isolated, and cloned into the broad-host-range plasmid, 
pBBRlMCS, to produce the shuttle plasmid, pSAC200. pSAC200 was subsequently 
electroporated into SCI and transformants selected on HIAB plates supplemented with 
both kanamycin and chloramphenicol. Potential transcomplemented strains were isolated, 
cultured, and characterized by PCR.
The ialB gene primer set (IALBF and IALBR) was used to screen for potential 
transcomplemented strains. One strain, SC2, produced amplicons of 4097-bp and 688-bp
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representing the interrupted ialB gene on the bacterial chromosome and the intact ialB 
gene on pSAC200, respectively (Fig. 3B, lane 3). PCR amplification of SC2 DNA using 
the junction primer set (NPTI5' and IALBR) resulted in a product of approximately 
1700-bp (Fig. 3B, lane 4), indicating that the original site of integration was intact.
To determine whether expression of the ialB gene had been disrupted in SCI and 
transcomplemented in SC2, cell lysates of the bacteria were analyzed by SDS-PAGE and 
Western blot (Fig. 4). A 17.1-kDa band was present in both JB584 and SC2 lysates but 
absent in SCI lysates. This protein was positively identified as IalB by Western blots 
(Fig 4B). We consistently observed more IalB in cell lysates of SC2 relative to JB584, by 
both SDS-PAGE and Western blots. Presumably, increased synthesis in SC2 is due to 
the multiple copies of pSAC200 encoding ialB (Fig. 5B).
Genotypes of the mutant and transcomplemented strains were corroborated using 
DNA hybridization (Fig. 5). Restriction endonuclease digestion of pIALB with Kpnl and 
Hindlll yielded a 744-bp fragment containing ialB that was used to probe Southern blots 
of C/al-digested genomic DNA from each strain (Fig. 5 A). Hybridization of the probe 
with JB584 DNA showed a single, distinct band of ~23-kbp (Fig. 5B, lane 2) while 
hybridization with the ialB mutant strain, SCI, gave two bands of ~23-kbp and ~3.7-kbp 
(Fig 5B, lane 3). The two hybridization products in SCI are due to the presence of a Clal 
restriction enzyme site in the integrated suicide plasmid (Fig 2). Each band contains a 
portion of the ialB gene. The insertionally mutagenized ialB gene of the 
transcomplemented strain SC2 gives the expected two-band pattern like SCI, plus an 
additional hybridization band of ~5.4-kbp from ialB on pSAC200 (Fig. 5B, lane 4).
No overt phenotypic differences between the parental, ialB mutant, and 
transcomplemented strains were apparent.
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FIG 4. Abrogation and complementation of ialB expression in B. bacilliformis 
strains. Panel A. Cell lysate proteins (80 pg/lane) separated by SDS-PAGE (12.5% 
wt/vol) and stained with Coomassie blue. Lane 1, JB584; lane 2, SCI; lane 3, SC2. Panel 
B. Corresponding immunoblot reacted with polyclonal anti-IalB antibodies showing IalB 
is present in the parental B. bacilliformis strain, JB584 (lane 1), and the trans- 
complemented mutant strain, SC2 (lane 3); but is absent in the ialB mutant strain, SCI 
(lane 2).
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FIG 5. Detection of the wild-type and mutated ialB  genes in B. bacilliformis 
strains using DNA hybridization. Panel A. Ethidium bromide-stained agarose gel 
(1.2% wt/vol) of C/al-digested genomic DNA from the parental B. bacilliformis strain, 
JB584 (lane 2), the ialB mutant strain, SCI (lane 3), and the /ra/is-complemented strain, 
SC2 (lane 4). The shuttle plasmid used in fnmy-complementation, pSAC200, digested 
with Clal is shown in lane 5 and DNA size standards (Lambda DNAJHindlll markers) are 
provided in lane 1. Panel B. Corresponding Southern blot hybridized with the ialB 
probe. Lane 1, DNA size standards. Lane 2, single hybridization band of ~23-kbp from 
the parental B. bacilliformis strain, JB584. Lane 3, two-band hybridization pattern from 
the disrupted ialB gene in the ialB mutant strain, SCI. Lane 4, two-band hybridization 
pattern from the disrupted ialB gene as well as the -5.4-kbp hybridization band from 
pSAC200 in the /ra/iy-complemented strain, SC2. Lane 5, single hybridization band from 
pSAC200.
35
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
II II
36
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Localization of IalB in the bacterium. As expected, SDS-PAGE analysis of 
total membranes showed that IalB was present in the membrane fraction of JB584 and 
SC2 but not the mutant strain, SCI, and its identity as IalB was verified by Western blot 
(data not shown). Extrinsic radioiodination of intact JB584 and SCI showed no 
difference in protein profiles when analyzed by SDS-PAGE (data not shown). Whole 
JB584 bacteria extrinsically treated with proteases showed no alteration in the migration 
of IalB on gradient SDS-PAGE gels (data not shown). No difference in 
immunofluorescence was seen when whole JB584 and SCI bacteria were surface-labelled 
using anti-IalB polyclonal antibodies (data not shown). The radioiodination, proteolysis, 
and immunofluorescence data suggested that IalB is an inner membrane protein.
To conclusively localize IalB to the inner membrane, crude lysates were subjected 
to sucrose density gradient centrifugation as we previously described for B. quintana (8). 
Inner and outer membrane bands were collected from gradients and identified on the basis 
of their appearance. Outer membrane fractions typically showed a white flocculent 
appearance while inner membrane fractions were typically tea-colored (28). The average 
buoyant densities (p) were determined from three membrane preparations and calculated
to be 1.08 gm/cm^ for the inner membrane and 1.22 gm/cm^ for the outer membrane.
These values are very similar to the buoyant densities for the outer and inner membranes 
of E. coli (28) and Salmonella spp. (30), and are nearly identical to those we obtained 
from B. quintana membrane fractions (8). Outer membrane fractions analyzed by SDS- 
PAGE on a 15 to 20% gradient gel and stained with silver gave a protein profile similar to 
that previously reported for B. bacilliformis (24). In addition, the outer, but not the 
inner, membrane fractions contained the 42-kDa flagellin protein (34), and three 
bacteriophage proteins with molecular masses of 32,34 and 36 kDa (4). The identity of
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the inner membrane fraction was unequivocally established by the presence of 
cytochrome b. Difference spectra for the inner and outer membrane fractions were 
obtained between 499 and 600 nm. The inner, but not the outer, membrane fraction had 
an absorbance peak at 558 nm, which is characteristic of cytochrome b. Once the identity 
of the inner and outer membrane fractions was established, their respective protein 
profiles were analyzed using SDS-PAGE. Contrary to our hypothesis that IalB was an 
outer membrane protein, the protein was found in the inner membrane fractions of both 
JB584 and SC2 (Fig 6, lanes 3 and 7). The identity of IalB was confirmed by Western 
blot (Fig. 6B).
The role of IalB in erythrocyte adhesion and invasion. Following the 8-hour 
association assays, Percoll gradient centrifugation was used to separate erythrocytes from 
free bacteria. Since both adherent and invaded bacteria were complexed with 
erythrocytes, CFU counts from these assays include bacteria that are adhering to, or have 
invaded, erythrocytes.
Association assays were carried out at least four times, with each experiment 
containing 2 to 5 independent samples. While the number of CFU's varied between 
experiments, the data trends remained consistent. For the association assays conducted 
with the ialB mutant strain, SCI, and the parental strain, JB584; SCI adherence and 
invasion decreased 47% to 53% when compared to JB584. In a representative 
experiment, SCI showed a significant decrease (P < 0.05) of 53% in adherence and 
invasion compared to JB584 (mean CFU of 91,750 + 14,655 versus 196,300 + 12,537, 
respectively) (Fig. 7A). Association assays conducted with JB584 and the 
complemented strain, SC2, showed statistically insignificant differences in adherence and 
invasion, although the range of values varied more than that observed in assays with
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FIG 6. Localization of IalB to the B. bacilliformis inner membrane. Panel A.
Proteins (2.5 p.g/lane) were separated by SDS-PAGE (15% - 20% wt/vol gradient) and the 
gel was silver stained. IalB was found in the inner membrane fractions of JB584 (lane 3) 
and SC2 (lane 7), the parental and /rans-complemented B. bacilliformis strains, 
respectively. IalB was absent from all outer membrane fractions and the inner membrane 
fraction of SCI, the ialB mutant strain. Panel B. Corresponding immunoblot reacted 
with polyclonal anti-IalB antibodies. IalB localized to the inner membrane fractions of 
JB584 and SCI (lanes 3 and 7, respectively). IPTG-induced E. coli M15 (pQIALB) cell 
lysate is provided as a control in lane 1.
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FIG 7. Effect of ialB mutagenesis and /ra/tf-complementation on human 
erythrocyte adherence and invasion. Panel A. The ialB mutant strain, SCI, shows a 
53% decrease in erythrocyte adherence and invasion when compared to the parental 
strain, JB584. The n values for JB584 and SCI are 5 and 4, respectively. Panel B. 
7rany-complementation of ialB in SC2 restores erythrocyte adherence and invasion to 
parental strain levels. The n values for JB584 and SC2 are 3 and 2, respectively. 
Experimental data presented graphically in Panels A and B are the mean + SEM from two 
separate but representative experiments.
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JB584 and SCI. This increased scatter in SC2 values may be due to multiple plasmid 
copies of the ialB gene in SC2. In a representative experiment, the transcomplemented 
strain, SC2, showed no significant change (P = 0.7825) in association assays when 
compared to JB584 (mean CFU of 10,833 + 1906 versus 11,775 + 2575, respectively) 
(Fig. 7B).
DISCUSSION
This study is the first demonstration of molecular Koch's postulates (12) for a 
Bartonella species. Insertional mutagenesis of ialB, creating the B. bartonella mutant 
strain, SCI, resulted in a 47% to 53% decrease in human erythrocyte adherence and 
invasion compared to the parental strain, JB584. Transcomplementation of ialB, creating 
the SC2 strain, restored erythrocyte adherence and invasion to parental levels. These data 
clearly establish IalB as a virulence determinant for B. bacilliformis erythrocyte 
parasitism.
Mitchell and Minnick originally isolated and characterized the two-gene locus, 
ialAB, reporting that both ialA and ialB were necessary to confer an invasive phenotype 
upon E. coli (27). However, the results of the present study demonstrate that ialB has a 
significant effect on B. bacilliformis erythrocyte parasitism. In vivo experiments with the 
rat pathogen, B. tribicorum, support our findings that ialB is a virulence factor. 
Specifically, an ialB mutant strain of B. tribicorum failed to develop bacteremia and to 
invade rat erythrocytes in vivo (C. Gille, C. Lanz, and C. Dehio, Abstr. 1st Int. Conf. 
Bartonella Emerging Pathogens, abstr. 28,1999).
ialA and ialB homologues are present in the three most prevalent, human
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pathogenic species of Bartonella including B. henselae, B. quintana and B. bacilliformis 
(26). B. henselae and B. quintana cause cat-scratch disease and trench fever, respectively. 
All three species share phenotypic similarities: they are transmitted by arthropod vector, 
are intracellular parasites, and have an absolute growth requirement for hemin. All three 
species invade or attach to erythrocytes during the course of infection (17,22,23), and 
can cause neovascularization of infected tissue (25). Erythrocyte parasitism and 
neovascularization may provide the blood and heme required for these pathogenic 
bacteria. Given the phenotypic similarities of B. bacilliformis, B. quintana and B. 
henselae, IalA and IalB may share similar functions contributing to the virulence of all 
three species.
Homologues of ialA and ialB have been found in other gram-negative pathogenic 
bacteria. Brucella melitensis is a facultative intracellular pathogen and the causative agent 
of ovine brucellosis. The ability of B. melitensis to cause disease is tied to its ability to 
adapt and survive in a range of environments. B. melitensis adaptive responses to heat, 
oxidative, and acid stress were recently characterized (39). Protein levels, in response to 
these stresses, were analyzed by two-dimensional PAGE. In response to heat shock 
(temperature shift from 37 to 42°C), an appreciable reduction in synthesis was observed 
for a protein with homology to the IalB protein of B. bacilliformis. No change in 
synthesis was seen for the IalB homologue in response to either oxidative or acid stress. 
Brucella and Bartonella are closely related a-proteobacteria and their phylogenetic 
relationship is underscored by the ability of both genera to interact with eukaryotic cells 
in a parasitic or mutualistic association. In light of these similarities, it is interesting that 
these two species may share a virulence factor associated with eukaryotic cell invasion. 
We are currently examining the effect of environmental cues on ialB expression, as the
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transfer of B. bacilliformis from sandfly to human would be associated with significant 
changes in temperature, iron availability, pH, and oxidative stress. These environmental 
cues could serve as signals for expression of virulence factors necessary for human 
infection.
In another study, differential fluorescence induction was used to identify E. coli 
K1 genes expressed under environmental conditions favoring bacterial invasion of human 
brain microvascular endothelial cells (HBMEC) (3). One gene identified in this study was 
an IalA homologue (38% homology). Site-directed mutagenesis of this E. coli gene 
reduced HBMEC invasion two-fold and transcomplementation restored the invasive 
phenotype to wild-type levels. IalA and IalB homologues are being identified in a number 
of bacterial species, all of which invade eukaryotic cells. Additionally, experimental 
evidence for the role of these proteins in virulence is accumulating.
We originally hypothesized that IalB is exported to the bacterial surface where it 
functions as an invasion factor. Contrary to our hypothesis, IalB was localized to the 
inner membrane in this study. Our original hypothesis was, in part, based on the 
reported -60% amino acid sequence similarity of IalB to Ail and Rck (27). However, 
although these proteins have significant amino acid similarity, their amino acid identity is 
actually quite low (~11%). The IalB protein also lacks a terminal phenylalanine amino 
acid residue characteristic of most outer membrane proteins (38), including Ail and Rck.
Localization of IalB to the cytoplasmic membrane necessitated rethinking of its 
function as a virulence factor. Virulence-related activities for inner membrane proteins 
include transport of virulence factors, uptake of nutrients, response to environmental 
stresses, chemotaxis, cell motility, and intracellular survival, to name a few. These 
various functions fall into one of two general categories, transport or signal transduction.
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For example, the virB operon of Brucella suis and Brucella abortus was found to be 
essential for virulence and intracellular survival of these mammalian pathogens. The virB 
operon encodes homologues to a type IV secretory system including putative inner 
membrane proteins (29,36). An intriguing example of a signal-transducing, inner 
membrane protein is found in Pseudomonas aeruginosa. Normally, the sigma factor 
responsible for expression of a mucoid phenotype is sequestered at the cytoplasmic 
membrane by an inner membrane protein. Release of this sigma factor into the cytosol, 
presumably in response to some signal, results in the expression of mucoidy (32). 
Phosphorylation is another mechanism by which an inner membrane protein could 
facilitate signal transduction. The etk gene of E. coli encodes an inner membrane protein 
capable of autophosphorylation (16). Interestingly, while all E. coli strains possess the 
etk gene, it is only expressed by a subset of pathogenic strains.
With these examples as precedents for cytoplasmic membrane proteins serving as 
virulence factors, we are currently investigating whether IalB functions as a transporter or 
signal transduction protein. To date, database searches for proteins with homology to 
IalB have not suggested any function. This lack of homology to known proteins may 
reflect IalB’s unique and unusual role in erythrocyte parasitism by B. bacilliformis.
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CHAPTER 3
Differential expression of the invasion-associated locus B (ialB) gene 
of Bartonella bacilliformis in response to 
environmental cues.
Coleman, S.A., and M.F. Minnick. Submitted to Infect. Immun.
ABSTRACT
Bartonella bacilliformis is the only bacterium known to invade human 
erythrocytes. The pathogen is transferred between human hosts by the sandfly, 
Lutzomyia verrucarum. To investigate the regulation of ialB by environmental cues 
signaling vector-to-host transmission; nuclease protections assays were performed to 
compare the amount of ialB mRNA in bacteria subjected to temperature shift, pH change, 
oxidative stress, or hemin limitation. The amount of ialB mRNA increased by 223 - 
310% in acid-treated samples and decreased by 28 - 39% in base-treated samples as 
compared to bacteria kept at pH 7.2. B. bacilliformis samples showed a 56 - 63% and 74 
- 80% decrease in ialB mRNA when shifted to 37°C from growth temperatures of 20°C 
and 30°C, respectively. Oxidative stress (1 mM H2O2) and hemin limitation had no
significant effect on mRNA levels. Determination of IalB protein amounts using SDS- 
PAGE and immunoblotting showed the greatest amounts of IalB under acidic conditions 
or at 20°C. The least amount of IalB was synthesized under basic conditions or at 37°C. 
The viability of wild-type B. bacilliformis under the various experimental culture 
conditions was determined and found not to affect ialB mRNA amounts in these 
experiments. Finally, we compared the survival of wild-type and ialB mutant B.
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bacilliformis and found no difference in the viability of these two strains, demonstrating 
that IalB does not aid bacterial survival under these conditions. Finally, we propose a 
model for ialB expression based on our data and the presumed environmental conditions 
encountered by B. bacilliformis during host-to-vector and vector-to-host transmission.
INTRODUCTION
Bartonella bacilliformis is the only bacterium known to invade human 
erythrocytes. Although other bacteria are known to parasitize mammalian erythrocytes 
(e.g., Anaplasma and Haemobartonella species), B. bacilliformis is unsurpassed among 
bacteria in its efficiency as an erythrocyte parasite. The B. bacilliformis invasion- 
associated locus B gene (ialB) was shown to have a direct role in human erythrocyte 
parasitism by our lab (3). Insertional mutagenesis of ialB resulted in a 47% to 53% 
decrease in human erythrocyte adherence and invasion compared to the parental strain. 
7>a«s-complementation of the mutant with wild-type ialB restored erythrocyte 
adherence and invasion to parental levels.
ialB homologues are present in the other two Bartonella species that cause human 
disease. B. quintana and B. henselae cause trench fever and cat-scratch disease (CSD), 
respectively. All three Bartonella species share phenotypic similarities: they are 
transmitted by an arthropod vector, are facultative intracellular parasites, and have an 
absolute growth requirement for hemin. All three species can attach to or invade 
erythrocytes (8,10, 11) and endothelial cells during the course of disease (1,4). Given 
these phenotypic similarities, IalB may share a similar function contributing to the 
virulence of all three species, and investigation into ialB regulation may provide insights
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into the disease process of all three pathogens.
The pivotal role played by IalB in erythrocyte parasitism led us to hypothesize 
that ialB is upregulated in response to environmental cues signaling vector-to-host 
transmission. Such environmental cues would include, but not be limited to, temperature, 
pH, oxidative stress, and hemin limitation. We also hypothesized that IalB would aide B. 
bacilliformis survival under stressful environmental conditions. This study was 
undertaken to test these hypotheses and to gain insight into the function of ialB in 
erythrocyte parasitism.
MATERIALS AND METHODS
Bacterial strains. B. bacilliformis strain JB584 [a transformation-competent 
strain (2)] was cultured on heart infusion agar blood (HIAB) plates (heart infusion agar 
supplemented with 4% sheep erythrocytes and 2% sheep serum) in a water-saturated 
incubator at 30°C. B. bacilliformis SCI, an ialB mutant strain (3), was cultured in the 
presence of kanamycin (25 (ig/ml). E. coli strain DH5a was cultured in Luria-Bertani 
(LB) broth at 37°C in the presence of antibiotics as needed.
Culture conditions. Three HIAB plates of 3-day-old B. bacilliformis strain 
JB584 were harvested into 3 ml of 30°C heart infusion broth (HIB) or recovery broth 
(RB; i.e. HIB supplemented with 5% sheep erythrocyte lysate and 50 mg/ml bovine 
serum albumin). For pH, temperature, and hemin limitation experiments; 0.5 ml of 
bacterial culture was centrifuged 1 min. at 16,000 x g and the supernatant discarded. 
Bacterial pellets were resuspended in RB pre-equilibrated to either 20°C, 30°C, or 37°C 
for the temperature experiments; in 30°C prewarmed HIB at pH 5.0, 7.2, or 8.0 for the
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pH experiments, and in either HIB or RB for the hemin-limiting experiments. For 
oxidative stress experiments, H2O2 was added to the final concentration of 1 mM.
Hemin-limited, H2O2 and pH treated samples were placed in a 30°C, humidified
incubator for 30 min. For temperature experiments, samples were incubated in a 20°C, 
30°C, or 37°C water bath for 30 min.
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 
and immunoblotting. B. bacilliformis JB584 was subjected to culture conditions as 
described above but with a 4 hr incubation time. After incubation, bacterial cultures were 
centrifuged at 16,000 x g for 1 min and the supernatant discarded. Bacterial pellets were 
flash frozen in -70°C ethanol, and stored at -70°C until used. Frozen bacteria were 
vigorously resuspended in 500 pi distilled H2O and protein concentrations determined
using a bicinchoninic acid protein kit as per the manufacturer’s instructions (Pierce 
Biotechnology, Inc., Rockford, IL).
SDS-PAGE was done following the general procedures of Laemmli (9) with 12.5% 
polyacrylamide (wt/vol) gels and 5 pg of protein added per lane. Gels were either silver- 
stained (17) or electrophoretically transferred to a supported nitrocellulose membrane 
(pore size 0.45pM; Schleicher & Schuell, Keene, N.H.) for Western blotting.
Chemiluminescent immunodetection was done using ECL^M Western blotting detection
reagents following the manufacturer’s instructions (Amersham Pharmacia Biotech Inc, 
Piscataway, NJ). Antibodies against IalB were generated as previously described (3) and 
used at a 1:1000 dilution.
Nuclease Protection Assay. B. bacilliformis JB584 was cultured under 
conditions as described above with a 30 min incubation time. Samples were centrifuged at
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16,000 x g for 1 min, the supernatant removed, and the bacterial pellet flash frozen in 
100% ethanol at-70°C. Samples were stored at-70°C until used. RNA was extracted 
from samples and DNase treated using a RNeasy kit (Qiagen Inc., Chatsworth, Calif.). 
RNA was quantified by spectrophotometry at 260 nm.
For in vitro transcription of probe and standard ialB mRNA, the 505-bp, Sspl -
Pstl fragment encoding the 3’ terminus of ialB was cloned into pBluescript SK+ digested
with the restriction enzymes EcoRV and Pstl. The resulting phagemid, pBSIalB was 
digested with Hpal and electrophoresed on a 1% agarose gel. Strips cut from each side of 
the gel were stained with ethidium bromide, realigned with the unstained portion and the 
linearized pBSIalB excised. Linearized pBSIalB was purified using a GeneClean II kit 
(Bio 101, La Jolla, Calif.), then used as the template in an in vitro transcription reaction 
using T7 RNA polymerase and an Ampliscribe Transcription kit (Epicentre Tech., 
Madison, Wiscon.). The resulting single-stranded ialB mRNA was labeled using a
BrightStar TM Psoralen-Biotin nonisotopic labeling kit (Ambion, Austin, Texas).
Labeled ialB mRNA probe was gel purified and UV shadowed as per Ambion’s Technical 
Bulletin #171. Standard ialB mRNA was generated in vitro by T3 RNA polymerase 
transcription of pBSIalB linearized with MfeI. Both probe and standard mRNA were 
quantified by spectrophotometry at 260 nm.
Nuclease protection assays were performed as per the manufacturer’s instructions
for the SI-Assay TM kjt (Ambion, Austin, Texas) with elevation of the recommended
hybridization temperature to 48°C and the SI nuclease digestion temperature to 42°C. 
Briefly, sample or standard mRNA was added to psoralen-biotin labeled ialB probe and 
concentrated by ethanol precipitation. Hybridization was allowed to proceed overnight
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at 48°C in hybridization buffer. RNA was digested with SI nuclease at 42°C for 45 min 
then 42 |xl of stop buffer was added [185 pg/ml tRNA, 28.5 mM EDTA (pH 8.0), 4.1 M 
NH4OAC, and 713 pg/ml GlycoBlue TM coprecipitent (Ambion)]. Hybridized RNA
was precipitated with ethanol, resuspended in 10 pi Gel Loading Buffer II (Ambion, 
Austin, Texas), separated on a 5% polyacrylamide gel, and transferred to nylon
membrane using a semi-dry electroblotting system (The Panther TM, Owl Separation
Systems, Portsmouth, New Hamp). RNA was immobilized on membranes by UV
crosslinking at 125 mJ and ialB mRNA detected with a BrightStar TM BioDetect TM
Nonisotopic Detection Kit (Ambion, Austin, Texas).
Bacterial survival in varying culture conditions. Bacterial survival for B. 
bacilliformis strains JB584 and SCI was determined under the various culture conditions 
described above. In short, bacteria were harvested, centrifuged and then subjected to 
either temperature shift, pH shift, oxidative stress or hemin limitation for 30 min. 
Cultures were serially diluted then plated onto HIAB plates. Plates were incubated in a 
30°C water-saturated incubator for 12 days and then counted.
Densitometry. X ray films of protein and mRNA data were scanned with a 
UMAX Astra 1200S scanner (UMAX, Technologies, Inc., Dallas, Texas) and images 
analyzed with Scanalytics’ OneDScan program (CSPI, Billerica, MA).
Statistical Analysis. Statistical significance of data was determined using the 
Student's t test. A value of P of < 0.01 was considered very significant and P < 0.05 was 
considered significant. For mRNA and CFU experiments, results are reported as mean 
values + the standard error of the mean.
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RESULTS
Nuclease protection assays (NPA). NPA’s with sample RNA isolated from B. 
bacilliformis strain JB584 were performed several times n = 2 or 3 with 3 replicates each). 
While the amount of ialB mRNA varied slightly between experiments, the data trends 
remained consistent. There was a very significant difference (P < 0.01) in the amount of 
ialB mRNA in JB584 subjected to acidic pH (pH 5.0) for 30 min as compared to JB584 
kept at pH 7.2. The amount of ialB mRNA in acid-treated B. bacilliformis increased by 
228 - 310% over bacteria kept at near-neutral pH. In a representative experiment, there 
was a 231% increase in ialB mRNA for acid-treated B. bacilliformis compared to bacteria 
kept at pH 7.2 (245 + 31.6 pg vs 106 ± 8.6 pg, respectively) (Fig. 1A & IB). In NPA’s 
with mRNA isolated from base-treated (pH 5.0) bacteria and bacteria kept at pH 7.2, 
there was a significant decrease in ialB mRNA at basic pH (P < 0.05). In this set of 
experiments, ialB mRNA decreased by 28 - 39% with a 30 min incubation in pH 8.0 HIB. 
In a representative experiment, there was a 29% decrease in ialB mRNA when bacteria 
were incubated at pH 8.0 as compared to pH 7.2 (118 ± 11.1 vs 165+19.1 pg, 
respectively) (Fig. 1C & ID). B. bacilliformis JB584 survival under these experimental 
conditions was investigated and the results are presented in a later section.
Two sets of experiments were conducted to determine the effect of temperature 
shift on ialB mRNA transcription. In one set of experiments, B. bacilliformis strain 
JB584 was grown at 20°C and then upshifted to 37°C for 30 min. This experiment 
showed a very significant decrease (P <0.01) in the amount of ialB mRNA in upshifted 
bacteria as compared to bacteria maintained at 20°C. In these experiments, ialB mRNA 
decreased 56% to 75% with temperature upshift. In a representative experiment, there
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Figure 1. Effect of pH on B. bacilliformis ialB mRNA transcription. A. The amount 
of ialB mRNA increased 231% in acid-treated bacteria (pH 5.0) as compared to bacteria 
kept at pH 7.2. Data are from a representative experiment comparing the amount of ialB 
mRNA in 4 pg of total RNA isolated from pH-treated B. bacilliformis samples. B. NPA 
shows the amount of ialB mRNA increases at pH 5.0 (3 lanes on left) as compared to 
samples kept at pH 7.2 (3 lanes on right). NPA’s were done in triplicate. C. In a 
representative experiment comparing the amount of ialB mRNA in B. bailliformis samples 
kept at pH 7.2 or shifted to pH 8.0, there was a 29% decrease in ialB mRNA in pH 8.0 
samples. D. The amount of ialB mRNA decreased in base-treated samples (3 lanes on 
the left) as compared to samples kept at pH 7.2 (3 lanes on the right).
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was a decrease of 60% in ialB mRNA in upshifted bacteria as compared to control 
bacteria (158 + 22.9 vs 396 + 27.2 pg, respectively) (Fig.2A & 2B).
In the second set of experiments, JB584 grown at 30°C was either upshifted to 
37°C, kept at 30°C, or down-shifted to 20°C for 30 min. While there was a significant 
decrease (P < 0.05) in the amount of ialB mRNA in upshifted samples when compared to 
either bacteria kept at 30°C or shifted to 20°C; there was no significant difference 
between ialB mRNA amounts in the 30°C and 20°C samples (P > 0.05). For upshifted 
bacteria, ialB mRNA amounts decreased 74 to 80% from mRNA amounts for bacteria 
kept at 30°C. In one representative experiment, ialB mRNA decreased 80% in the 
upshifted B. bacilliformis from control levels (83 + 4 at 37°C vs 420 + 64 pg at 30°C) 
(Fig. 2C & 2D). Both sets of temperature experiments showed a significant decrease in 
the amount of ialB mRNA for bacterial samples upshifted to 37°C for 30 min, regardless 
of growth temperature.
To determine if ialB transcription is affected by oxidative stress, suspensions of 
B. bacilliformis JB584 were exposed to 1 mM H2O2 for 30 min. Comparison of ialB
mRNA in oxidatively stressed samples and control samples showed no statistically 
significant difference (P > 0.05) (Fig. 3 A).
Finally, the effect of hemin limitation on ialB mRNA levels was determined. 
Bacteria were harvested and resuspended in media with or without a source of hemin (RB 
and HIB, respectively) and incubated for 30 min at 30°C. There was no significant 
difference in the amount of ialB mRNA under these experimental conditions (P >0.05) 
(Fig. 3B).
B. bacilliformis JB584 survival in varying culture conditions. To determine if 
changes in ialB mRNA amounts were caused by bactericidal experimental conditions,
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Figure 2. Effect of temperature shift on B. bacilliformis ialB mRNA transcription.
A. In a representative experiment, the amount of ialB mRNA decreased 60% when B. 
bacilliformis grown at 20°C were temperature upshifted to 37°C. B. NPA shows the 
amount of ialB mRNA decreases when bacteria grown at 20°C (3 lanes on the left) are 
temperature shifted to 37°C ( 3 lanes on the right). C. Temperature upshift of 30°C- 
grown B. bacilliformis to 37°C resulted in an 80% decrease in the amount of ialB mRNA 
in a representative experiment. D. No significant differences were seen between the 
amounts of ialB mRNA in 30°C-grown B. bacilliformis (left 3 lanes) and bacteria 
temperature shifted to 20°C (center 3 lanes); however, mRNA decreased significantly in 
bacteria shifted to 37°C (right 3 lanes).
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Figure 3. Effect of 1 raM H2O2 and hemin limitation on ialB mRNA transcription.
A. There is no significant difference in the amount of ialB mRNA produced by 1 mM 
H202-treated and untreated B. bacilliformis (146 + 4.5 pg and 152 + 10.6 pg,
respectively). B. The amount of ialB mRNA in hemin-limited and control bacterial 
samples is not significantly different (511+ 96.7 pg vs 490 + 107 pg, respectively).
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plate counts were done. B. bacilliformis strain JB584 suspensions were subjected to 
acidic or basic conditions, temperature shifts, oxidative stress, or hemin limitation for 30 
min. Bacteria were serially diluted, plated, and CFU’s counted after 12 days.
The survival of acid-shocked B. bacilliformis JB584 was significantly reduced (P <
0.05) as compared to bacteria kept at pH 7.2 for 30 min, but there was no significant 
difference (P > 0.05) in bacterial survival at pH 7.2 vs. pH 8.0. In a representative 
experiment, 0.021% of bacteria survived at pH 5.0 as compared to pH 7.2 (Fig. 4A). The 
number of bacteria surviving a 30 min incubation at pH 7.2 vs pH 8.0 wasn’t significantly 
different (Fig. 4A).
For B. bacilliformis that was grown at 30°C and then incubated at 20°C, 30°C or 
37°C for 30 min, there was no significant difference (P > 0.05) in bacterial survival at the 
various temperatures after 30 min of incubation (Fig. 4B). Treatment with 1 mM H2O2
and hemin limitation didn’t significantly affect bacterial survival (P > 0.05) (Fig. 4C and 
4D, respectively).
IalB protein. Experiments were performed to determine if the amount of IalB 
protein changed under culture conditions that affected ialB mRNA production, i.e. pH 
and temperature shift. B. bacilliformis JB584 was incubated for 4 hrs in HIB at pH 5.0, 
7.2, or 8.0, and 5 pg of the resulting protein analyzed by SDS-PAGE. Western blots 
showed an apparent increase in the amount of IalB for bacteria incubated at pH 5.0 HIB 
as compared to bacteria incubated at pH 7.2. In addition, an apparent decrease in the 
amount of IalB was observed for bacteria incubated at pH 8.0 (Fig. 5 A).
For experiments examining the effect of temperature shift on IalB, B. bacilliformis 
JB584 was grown in a 30°C water-saturated incubator, harvested and then temperature 
shifted for 4 hours. Protein samples analyzed by Western blot showed an apparent
66
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Figure 4. Effect of pH, temperature, oxidative stress, and hemin limitation on B. 
bacilliformis JB584 survival. A. Less than 1% of bacteria survived after 30 min in pH 
5.0 HIB but there was no statistically significant difference in bacterial survival at pH 7.2 
and pH 8.0. B. B. bacilliformis JB584 grown at 30°C then shifted to 20°C or 37°C has 
the same survival rate as bacteria kept at 30°C. C. There is no decrease in viability of B. 
bacilliformis after treatment with 1 mM H2O2 . D. Survival of bacteria under hemin
limiting conditions is unaffected.
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Figure 5. IalB protein levels are responsive to pH and temperature. A. Bacterial 
cultures were incubated at pH 5.0, 7.2, or 8.0 for 4 hours; cell lysates were separated by 
SDS-PAGE; and immunoblots reacted with polyclonal anti-IalB antibodies. The amount 
of IalB increases as pH decreases. B. Immunoblot of bacterial samples grown at 30°C 
(lane 2) and temperature shifted to 20°C or 37°C (lanes 1 and 3, respectively). The 
amount of IalB decreases at 30°C and 37°C as compared to 20°C.
69
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
A  pH
5.0 72  8.0
70
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
decrease in IalB when bacteria were upshifted to 37°C (Fig. 5B). Although the amount of 
IalB in samples shifted to 20°C and samples kept at 30°C, was similar by visual 
inspection, densitometry of Western blots revealed a slight increase in the amount of IalB 
protein in bacterial samples shifted to 20°C.
Comparison of B. bacilliformis strain survival under culture conditions. To 
determine if IalB confers a survival advantage to bacteria, wild-type and ialB mutant B. 
bacilliformis strains were compared for the ability to suvive the stressful environmental 
conditions under investigation. Since the number of JB584 bacteria surviving a 30 min 
incubation at pH 5.0 was so low, bacterial survival for the two strains was compared at 
pH 5.0 - 8.0. Survival experiments over this pH range were done 4 times with each 
experiment being plated in triplicate. In order to compensate for the differing number of 
bacteria used in these experiments, CFU’s for each pH were normalized using the 
surviving CFU’s for that strain at pH 7.2. The experimental results showed no difference 
in survival between JB584 and SCI (Fig. 6), indicating that IalB does not confer a survival 
advantage at acidic or basic pH’s.
Additional CFU experiments comparing wild-type and ialB mutant strains (JB584 
and SCI, respectively) showed no significant differences in bacterial survival of 
temperature shift, oxidative stress, or hemin limitation (data not shown).
DISCUSSION
Nuclease protection assays revealed that the greatest increases in ialB mRNA 
levels occur in acid-shocked bacteria (pH 5.0), and bacteria grown at 20°C, or in bacteria 
that had been temperature shifted to 20°C. The lowest amount of ialB mRNA was
71
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 6. Viability comparison of wild-type B. bacilliformis and an ialB mutant 
strain from pH 5.0 to pH 8.0. The graph represents the averaged results from 4 
experiments and shows that IalB does not confer a survival advantage under these 
experimental conditions. To compensate for the differing number of bacteria used in each 
experiment, CFU’s for each experiment were normalized using that experiment’s CFU 
count at pH 7.2.
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observed in response to basic pH (pH 8.0) or heat shock at 37°C. The amount of ialB 
mRNA didn’t significantly change under conditions of oxidative stress (1 mM H2O2) or
hemin limitation.
Changes in the amount of ialB mRNA were not due to differences in B. 
bacilliformis survival under the experimental conditions of this study. After 30 min of 
acid shock at pH 5.0, less than 1% of the bacteria survived, yet the amount of ialB 
mRNA increased dramatically as compared to bacteria kept at pH 7.2. Although there 
was no significant difference in bacterial survival at neutral and basic pH, ialB mRNA 
levels significantly decreased under basic conditions. For temperature experiments, there 
was no significant difference in bacterial survival at 20°C, 30°C, and 37°C; however, ialB 
mRNA amounts decreased with increasing temperature. In short, the different quantities 
of ialB mRNA in our samples was not a result of differences in bacterial survival.
Experiments to determine the amount of IalB showed that protein levels were 
correlated with changes in ialB mRNA quantities. The greatest amount of IalB was 
present in B. bacilliformis that had been acid-shocked, grown at 20°C, or temperature 
shifted to 20°C. As with ialB mRNA levels, IalB protein amounts decreased in response 
to basic pH (pH 8.0) or a temperature of 37°C. That IalB protein and ialB mRNA levels 
have the same fluctuation pattern in response to pH and temperature suggests that 
regulation mainly occurs at the mRNA level. Regulation of ialB expression could occur at 
the transcriptional level or by regulation of mRNA half life, or both.
IalB plays a significant role in B. bacilliformis parasitism of human erythrocytes 
(3), which led us to hypothesize that ialB is upregulated in response to environmental 
cues during vector-to-host transmission. B. bacilliformis is transferred between humans 
by the bite of the female, phlebotomine sandfly, Lutzomyia verrucarum. Transfer from
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insect vector to human host would be accompanied by an upshift in temperature to 37°C, 
change in pH from acidic to near neutral, and possibly expose the bacteria to toxic oxygen 
species and iron starvation. However, our research shows that rather than being 
upregulated by environmental conditions signaling vector-to-host transmission, ialB is 
down regulated by temperature upshift and near neutral pH.
Upon transfer from its sandfly vector to human host, B. bacilliformis undergoes a 
dramatic temperature upshift of approximately 20°C to 37°C. In vitro this temperature 
shift is accompanied by a down regulation of ialB. Under conditions signaling imminent 
contact with human erythrocytes, a gene that is critical to erythrocyte association and 
invasion is apparently down regulated. Additionally, transfer from the sandfly midgut to 
the human circulatory system would entail transfer from an acidic environment to a nearly 
neutral one (pH 7.4). These conditions are also accompanied by down regulation of ialB. 
While these results run counter to our expectations for ialB regulation, this pattern of gene 
regulation can be explained by the following model detailing B. bacilliformis interactions 
with its vector and host.
Bacterium, vector, and host interactions begin with transfer of B. bacilliformis 
from the presumed human reservoir to the sandfly vector. Although it has not been 
proven that humans are the reservoir for Bartonella infection, epidemiological data 
support this belief. Up to 60% of the human population in endemic areas is seropositive 
for B. bacilliformis antibodies (7) and the carrier rate for seropositive and convalescent 
individuals is significant. In one study of 75 seropositive individuals, 11% were culture 
positive for Bartonella. Fourteen percent of convalescent patients who had presented 
with characteristic severe hemolytic anemia and received antibiotic treatment were 
bacteremic. Additionally, 23% of patients with chronic rash were also bacteremic (L.
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Laughlin et al, Abstr. Am. Soc. for Rickettsiology - Bartonella as an Emerging Pathogen 
Grp. 2001 Joint Conf., abstr. 112, 2001).
Little research has been done on the fate of B. bacilliformis ingested by its sandfly 
vector. The hematophagous female sandfly presumably acquires B. bacilliformis while 
feeding on bacteremic humans. Female sandflies in the Lutzomyia genus require a blood 
meal every 4 to 5 days for proper egg development (6). Sandflies have a long proboscis 
which is inserted to six times the thickness of the epidermis into the blood and lymphatic 
capillary bed of the dermis. While probing for blood, capillaries are lacerated, creating a 
hemorrhagic pool from which the insect feeds (14). Sandfly saliva is coincidentally 
secreted into host tissue (13) and contains anticoagulant and vasodilatory molecules that 
counter hemostatic mechanisms in the host ensuring continued blood flow to the 
hematoma (6). As a result, the opportunity for sandfies to feed to repletion and ingest B. 
bacilliformis-vnfccted erythrocytes from bacteremic human hosts is increased. Upon 
ingestion, bacteria undergo a temperature shift from 37°C to 20°C as the blood meal in the 
insect cools to ambient temperature. Concurrent with this temperature shift, bacterial 
ialB expression would presumably be upregulated, as we demonstrated. If, for some 
reason, sandfly feeding is interrupted; ingested B. bacilliformis would have upregulated 
ialB transcription and translation, and be “primed” for erythrocyte invasion following 
transfer to another human host when the insect feeds again. If the sandfly feeds to 
satiation, ingested bacteria would have to survive in the insect midgut until the next 
feeding provided an opportunity to infect another host. This would likely be 4 to 5 days 
after ingestion of a blood meal (6).
In sandflies, blood meals are passed into the insect mid-gut and encapsulated in a 
peritrophic membrane (PM) that is secreted by the mid-gut cells and occupies the
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posterior region of the mid-gut called the abdominal mid-gut (AMG). Although digestion 
occurs primarily in the PM, pH changes associated with digestion occur in both the 
anterior and posterior regions which are termed the thoracic mid-gut (TMG) and 
abdominal mid-gut (AMG), respectively. Reported pH values for the sandfly mid-gut 
differ depending on the experimental methods (5,15). However, experiments with 
sandflies being offered a blood meal and then dissected at 24 hr intervals most closely 
recapitulate natural feeding behavior, and those values are used here (15). Specifically, 
Tang’s group reported that in unfed sandflies, the TMG has a neutral pH between pH 7.0 
and 7.3 while the AMG has an neutral pH of 7.1 The pH of the AMG becomes more 
alkaline (pH 8.4) near the insect hind-gut. In the 48 hours after a blood meal, the pH of 
the TMG increases slightly to pH 7.4 (the pH of human blood). The pH of the AMG 
cannot be determined due to the opacity of the blood-filled PM and interference of red 
blood cells with color determination of the pH indicator dyes used. In succeeding days, 
the pH of the TMG becomes acidic (pH 6.8 or lower). It seems reasonable to infer that 
the AMG, where the blood meal and bacteria are sequestered, also becomes acidic for the 
following reasons. First, the majority of digestive enzymes characterized in Lutzomyia 
longipalpis, a closely-related hemophagous sandfly, have acidic optimal pH values (i.e. 
glycosidases with optimal pH values ranging from 4.8 to 5.8) (5). Second, while the 
sandfly mid-gut is nominally divided into the TMG and AMG, there is no physical 
structure dividing these two “compartments”. It seems unlikely that a large pH difference 
could be maintained at the junction of the TMG and AMG given the permeability of the 
peritrophic membrane (PM).
B. bacilliformis ingested with a blood meal would undergo a transition from neutral 
pH to acid pH at 36 to 48 hours after ingestion. Our data shows that acid shock of B.
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bacilliformis is accompanied by an upregulation of ialB. Thus, at around 3 days post­
ingestion, bacterial expression of ialB would presumably be upregulated in the insect 
midgut Since female sandflies need to ingest a blood meal every 4-5 days for egg 
development, B. bacilliformis bacteria would be “primed” for erythrocyte invasion just 
prior to the time when the sandfly is likely to feed again. Details regarding how B. 
bacilliformis are introduced into a human host are not known but bacterial transfer 
presumably occurs during sandfly feeding.
Upon introduction into the human host, B. bacilliformis bacteria would experience 
a rapid upshift to 37°C and a more neutral pH. In this study, we determined that 
expression of ialB is sharply downregulated under these conditions in vitro . Previously, 
we showed that mutagenesis of ialB reduced bacterial association and invasion of human 
erythrocytes by 47 to 53% relative to controls (3). It seems counterintuitive that a gene 
important to human erythrocyte association and invasion would be downregulated by 
environmental cues that could signal the presence of human erythrocytes, unless the role 
of IalB is to somehow “prime” B. bacilliformis for erythrocyte invasion prior to 
introduction into the human host.
To date, database searches for proteins with homology to IalB have not revealed 
clues to its mechanism or function. We hoped that experiments comparing the survival of 
JB584 (wild-type) to SCI (ialB mutant) under stressful culture conditions would reveal a 
survival advantage conferred by ialB, but this was not the case.
The ialB gene is highly conserved among Bartonella species that are human 
pathogens (12) and IalB homologues are found in other bacteria that interact with 
eukaryotic cells in a parasitic or mutualistic association, such as Brucella melitensis (16). 
In an article characterizing the heat, oxidative, and acid stress response of B. melitensis; it
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was reported that synthesis of an IalB homologue was significantly reduced by heat 
shock (i.e. 37°C to 42°C) but was unaffected by oxidative stress (50 mM H2O2). These
results agree with our data on ialB regulation in B. bacilliformis. However, the amount of 
the B. melitensis IalB homologue was reported to be unchanged after acid stress (pH 5.5). 
Our data showed a dramatic increase in B. bacilliformis IalB in response to acid shock. 
Differences in IalB synthesis under acid conditions may be due to the unique regulatory 
mechanisms of the two organisms.
Although IalB has been shown to have a significant effect on erythrocyte 
association/invasion, it is an inner membrane and unlikely to directly interact with 
erythrocytes (3). Future research will focus on identifying proteins that interact with 
IalB that might be more directly involved in human erythrocyte invasion.
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CHAPTER 4
GENERAL DISCUSSION
In these studies, we demonstrated molecular Koch's postulates for the first time 
with a Bartonella species. Insertional mutagenesis of the invasion-associated locus B 
(ialB) gene of B. bacilliformis reduced human erythrocyte adherence and invasion by 47 to 
53% as compared to the parental strain. Transcomplementation of ialB resulted in the 
restoration of human erythrocyte adherence and invasion to parental levels. These data 
established ialB as a virulence determinant for B. bacilliformis.
Previous studies in this lab demonstrated that ialAB confers an invasive 
phenotype upon minimally invasive E. coli strains (8), providing indirect evidence for the 
role of these genes in human erythrocyte parasitism. Development of a system for 
genetic manipulation of B. bacilliformis (1), allowed us to directly demonstrate the role of 
ialB in human erythrocyte parasitism.
Originally, we hypothesized that IalB was an outer membrane protein based on its 
role in erythrocyte invasion and amino acid sequence similarity to Ail of Yersinia 
enterocolitica and Rck of Salmonella enterica serovar typhimurium, both outer membrane 
virulence factors. Separation of B. bacilliformis inner and outer membrane proteins by 
sucrose gradient centrifugation followed by SDS-PAGE and Western blot analysis, 
localized IalB to the bacterial inner membrane. These data prompted us to search the 
literature for inner membrane virulence factors and their functions. Virulence-related 
functions for bacterial inner membrane proteins include transport of virulence factors, 
uptake of nutrients, chemotaxis, response to environmental stressors, cell motility, and
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intracellular survival, to name a few. These functions fall into one of two general 
categories: transport or signal transduction. Computer analysis of the IalB amino acid 
sequence predicts one transmembrane domain that coincides with the N-terminal amino 
acid secretory sequence (aa residues 1-22) (8) but no other transmembrane domains. This 
information, although only predictive in nature, suggests that IalB does not form part of 
an inner membrane porin. Any role that IalB might have in transport would presumably 
be as an accessory protein regulating porin activity or specificity. So far, IalB sequence 
analysis has not suggested a function for IalB.
Database searches yield numerous IalB homologues but offer no insight into IalB 
function. IalB homologues are present in B. quintana and B. henselae (the causative 
agents for trench fever and cat scratch disease, respectively) as well as in closely related 
a-Proteobacteria species such as Brucella melitensis, Agrobacterium tumefaciens, and 
Mesorhizobium loti. All of these species have the shared phenotype of interacting with 
eukaryotic cells in a mutualistic or parasitic association. The presence of a virulence 
factor involved in eukaryotic cell invasion in these phenotypically similar species 
suggests that IalB may have a conserved function in these organisms.
B. bacilliformis, B. quintana, and B. henselae share additional phenotypic 
similarities: they are transmitted via arthropod vector, are intracellular parasites, and have 
an absolute growth requirement for hemin. All three species attach to or invade 
erythrocytes during the course of infection (4, 5,6) and can cause neovascularization of 
infected tissue (7). Transfer from arthropod vector to mammalian host would be signaled 
by, but not limited to, changes in temperature, pH, oxidative stress and hemin limitation. 
Such environmental cues are used by numerous pathogens to upregulate virulence factors.
Experiments investigating the differential expression of ialB in response to
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temperature or pH shift, oxidative stress or hemin limitation revealed that ialB 
transcription and translation were downregulated at 37°C and near neutral pH (pH 7.2). 
Oxidative stress and hemin limitation were found to have no effect on IalB levels under 
these experimental conditions. These results were surprising because IalB, a protein 
essential to erythrocyte invasion, is apparently downregulated under environmental 
conditions signaling entry into the human host (37°C and near neutral pH) and imminent 
contact with erythrocytes. Maximal IalB levels occur at acidic pH (pH 5.0) and 20°C. 
These results were puzzling until we considered the environmental conditions of the 
sandfly midgut and the host-vector-host transmission of B. bacilliformis.
Humans are presumed to be the reservoir for B. bacilliformis infection based on 
epidemiological data discussed in more detail in the Introduction and Chapter 2’s 
discussion. Presumably the hematophagous female sandfly is infected with B. 
bacilliformis when feeding on a bacteremic human host Upon transfer from human to 
sandfly, bacteria would undergo a temperature shift from 37°C to ambient temperature, 
~20°C. This downshift in temperature would trigger an increase in bacterial IalB levels.
If sandfly feeding was interrupted before the insect fed to satiation, this downshift in 
temperature would “prime” bacteria for erythrocyte invasion. When the insect fed again, 
bacteria transferred to the human host would have high levels of IalB and be “primed” to 
invade erythrocytes. Rapid erythrocyte invasion by bacteria would have the added 
benefit of protecting bacteria from the host immune response thus aiding in the 
establishment of infection.
If the infected sandfly fed to repletion, then ingested B. bacilliformis would have 
to survive in the sandfly mid-gut until the next feeding offered the opportunity to infect a 
human host. B. bacilliformis infection of sandflies is not well understood. In any model
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of infection, bacteria would have to survive the digestive processes of the insect mid-gut 
The mid-gut of an unfed sandfly has a near neutral pH (9). As digestion proceeds over a 
few days time, the mid-gut becomes more acidic [pH 6.8 or lower (9)]. Concurrent with 
acidification of the mid-gut bacterial IalB levels are increasing. When the insect seeks 
another bloodmeal 4-5 days later, high levels of IalB would “prime” the bacteria for 
erythrocyte invasion. Further study of B. bacilliformis infection of sandflies is needed to 
determine if bacteria remain in the midgut necessitating survival in an acidic environment 
or if bacteria escape the harsh environment of the midgut into other insect tissues. It is 
interesting that a key B. bacilliformis virulence determinant IalB, may be regulated by 
environmental cues characteristic of host to vector transmission (rather than vector to 
host transmission) and physiological changes in the sandfly mid-gut
Hematophagous sandflies were thought to be simple, biological syringes injecting 
pathogenic organisms into their hosts, but leishmaniasis research has been elucidating the 
intricate relationship between pathogen and vector. One area of research focuses on the 
immunomodulatory properties of sandfly saliva. It has been demonstrated for a number 
of Leishmania species that salivary gland extract (SGE) greatly enhances infection. 
Injection of Leishmania parasites with sandfly SGE resulted in a 5-10-fold increase in 
lesion size with a concomitant 5,000-fold increase in parasite load (12). Leishmania 
parasites are transmitted by sandflies of the Lutzomyia and Phlebotomus genera (3) and B. 
bacilliformis is transmitted by a species of Lutzomyia, L  verrucarum. Given the close 
relationship between the arthropod vectors for Leishmania and Bartonella bacilliformis, it 
would be worthwhile to investigate the effect of sandfly saliva on B. bacilliformis 
infection severity and host immune response.
The effect of sandfly salivary gland proteins on macrophages has been
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investigated and these proteins appear to inhibit macrophage function. Antigen 
presentation and macrophage responsiveness to IFN-y was inhibited as was nitric oxide 
and hydrogen peroxide synthesis. The ability of treated macrophages to activate parasite 
specific T-cells was also diminished (10,11,2). As a result of macrophage inhibition, 
both nonspecific and specific innate immune responses are compromised (i.e. 
phagocytosis and cytotoxic T cell killing, respectively) allowing colonization of the host 
to proceed relatively unimpeded.
Increase in Leishmania lesion size and parasite burden upon coinjection of SGE 
and Leishmania parasites has been associated with the effect of IL-4 and increased 
production of Th2 cytokines by epidermal cells (3). Th2 cytokines would generate an 
antibody-mediated immune response taking 10 to 14 days to produce pathogen-specific 
antibody. Delaying an effective immune response for 10 to 14 days would enhance 
bacterial survival and aid in establishing infection.
As is the case with Leishmania parasites, B. bacilliformis pathogenicity could be 
enhanced by sandfly saliva. Future research elucidating the course of B. bacilliformis 
infection of L. verrucarum and the possible role of sandfly saliva in disease outcome 
would be valuable in understanding Bartonellosis.
Much remains to be discovered about the virulence factors of Bartonella species. 
It is my hope that this research will lead to the identification of those proteins that 
interact with IalB in erythrocyte adherence and invasion, as well as elucidating the 
regulation of factors crucial to erythrocyte parasitism.
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